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Extremal Kerr black holes, if they exist, cannot have an astrophysical origin due to the Thorne
limit a < a∗lim = 0.998. However this limit can be evaded if they are primordial and subject to
evaporation by Hawking radiation. We derive the lower mass limit above which Hawking radiation
is slow enough so that a primordial black hole with a spin initially above the Thorne limit can still
be above this limit today. Thus, the observation of a Kerr black hole with a∗ > a∗lim should be a
proof of its primordial origin.
I. INTRODUCTION
Primordial Black Holes (PBHs) are appealing candi-
dates for solving the long-standing issue of dark matter
[1]. PBHs could have been created at the end of the
inflationary stage of the early Universe, when relatively
high density fluctuations ∆ρ/ρ & 1 re-entered the Hubble
horizon. The mass collapsing into a PBH through this
mechanism is not subject to the lower Chandrasekhar
limit of ∼ 1.4M [2], as this limit is a consequence of the
stellar origin of Black Holes (BHs). Thus, the detection
of a sub-solar BH in the merger events of forthcoming
gravitational waves detectors (such as LISA [3]) would
certainly point to a primordial origin.
Most excitingly, there are powerful observational con-
straints, primarily from gravitational microlensing in the
subsolar mass regime, but a substantial window remains
open for PBHs as dark matter in the mass range that
extends from asteroid mass scales down to the mass set
by evaporation limits [4].
There is another way to distinguish between primordial
or stellar origin: the BH spin. In principle, depending on
the mechanism of production of PBHs at the end of in-
flation, there is no restriction on the initial spin. On the
other hand, for BHs with a stellar origin, Thorne has
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shown that there is a universal limit to the reduced spin
a∗lim ≈ 0.998. This limit comes from accretion of the sur-
rounding gas on a BH, and its balance with superradiance
effects [5]. Surprisingly, the same a∗lim ≈ 0.998 is found
by [6] for BH mergers. The resulting spin of the final BH
should not exceed the Thorne limit. Thus, detection of
a BH with a reduced spin higher than the Thorne limit
a∗ > a∗lim would be a strong hint of non-stellar origin,
that is to say primordial origin [7].
In this Letter, we focus on the mechanisms allowing a
PBH to have today a spin higher than the Thorne limit.
For this purpose, we compute the mass and spin loss
through Hawking radiation of a Kerr PBH and evaluate
the minimum initial mass a PBH should have in order to
experience a current spin value above the Thorne limit.
II. HAWKING RADIATION
A. Theoretical aspects
1. Emission rate
Hawking showed that BHs are not as black as was first
supposed [8]. Throughout, we use a natural system of
units where G = c = kB = ~ = 1. Hawking used a semi-
classical treatment, that is to say the general relativity
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2Kerr (or Schwarzschild) metric for space-time
ds2 =
(
1− 2Mr
Σ2
)
dt2 +
4aMr sin(θ)2
Σ2
dtdφ− Σ
2
∆
dr2
− Σ2dθ2 −
(
r2 + a2 +
2a2Mr sin(θ)2
Σ2
)
sin(θ)2dφ2 ,
(1)
where M is the BH mass, a ≡ J/M is the BH spin pa-
rameter (J is the BH angular momentum), Σ ≡ r2 +
a2 cos(θ)2 and ∆ ≡ r2 − 2Mr + a2, and a quantum
mechanics treatment of Standard Model (SM) particles
through a wave function ψ satisfying the Dirac equation
for fermions
(i/∂ − µ)ψ = 0 , (2)
and the Proca equation for bosons
(+ µ2)ψ = 0 , (3)
where µ is the particle rest mass. Solving these equations
from the BH event horizon to space infinity shows that
there is a net emission of particles of type i called the
Hawking radiation (HR). The number of particles emit-
ted per unit time and energy is
d2Ni
dtdE
=
1
2pi
∑
dof.
Γi(E,M, a
∗)
eE′/T ± 1 , (4)
where T is the Kerr BH Hawking temperature
T ≡ 1
2pi
(
r+ −M
r2+ + a
2
)
, (5)
and r± ≡ M
(
1±√1− (a∗)2) are the Kerr horizon
radii. a∗ ≡ a/M is the Kerr dimensionless spin parame-
ter, it is 0 for a Schwarzschild – non rotating – BH and
1 for a Kerr extremal BH. E′ ≡ E −mΩ is the total en-
ergy of the particle that takes into account the horizon
rotation with angular velocity Ω ≡ a∗/(2r+) and m is
the particle angular momentum projection m ∈ [−l,+l].
The sum of Eq. (4) is on the degrees of freedom (dof.)
of the particle considered, that is to say the color and
helicity multiplicity. The quantity Γ(E,M, a∗) is called
the greybody factor and has been extensively studied in
the literature (see below). It encodes the probability that
a particle generated at the horizon of a BH escapes its
gravitational well and reaches space infinity.
2. Evolution of BHs
After computing the greybody factors Γ, it is possible
to compute the mass and spin loss rates by integrating
Eq. (4) over all energies and summing over all SM parti-
cles, plus the graviton. We define the (positive) f and g
factors following [9, 10]
f(M,a∗) ≡ −M2 dM
dt
(6)
= M2
∫ +∞
0
∑
dof.
E
2pi
Γ(E,M, a∗)
eE′/T ± 1 dE ,
g(M,a∗) ≡ −M
a∗
dJ
dt
(7)
=
M
a∗
∫ +∞
0
∑
dof.
m
2pi
Γ(E,M, a∗)
eE′/T ± 1 dE .
Inverting these equations and using the definition of a∗,
we obtain the differential equations governing the mass
and spin of a Kerr BH
dM
dt
= −f(M,a
∗)
M2
, (8)
and
da∗
dt
=
a∗(2f(M,a∗)− g(M,a∗))
M3
. (9)
B. Numerical implementation
We solve Eqs. (8) and (9) numerically, using a new
code entitled BlackHawk [11][12]. This code contains tab-
ulated values of f(M,a∗) and g(M,a∗) obtained through
Eqs. (6) and (7). Within BlackHawk, efforts have been
made to compute the greybody factors Γ(E,M, a∗) nu-
merically.
Teukolsky & Press [13, 14] have shown that the Dirac
and Proca equations (2) and (3), once developed in the
Kerr metric (1), can be separated into a radial and an
angular part. The radial part reads
1
∆s
d
dr
(
∆s+1
dR
dr
)
+
(
K2 + 2is(r −M)K
∆
− 4isEr
− λslm − µ2r2
)
R = 0 , (10)
where λslm is the eigenvalue of the angular part (see
[10] for a polynomial expansion of λslm). Then, Chan-
drasekhar & Detweiler [15–18] have shown that through
suitable function and variable changes R → Z and
r → r∗, one could transform Eq. (10) into a wave equa-
tion with a short-range potential
d2Z
dr∗2
+ (E2 − V (r∗))Z = 0 . (11)
We solve this wave equation numerically with
Mathematica, starting from an outgoing plane wave at
the horizon
Zhor =
r∗→−∞ e
−iEr∗ , (12)
3and integrating to space infinity where the solution is
Z∞ =
r∗→+∞ Ae
−iEr∗ +BeiEr
∗
, (13)
we identify the transmission coefficient
Γ ≡ 1|A|2 . (14)
This allows us to perform the integrals (6) and (7).
BlackHawk uses an adaptative time step method to
compute accurately the last stages of the BH life, when
its mass goes down to the Planck mass MP very quickly.
When M ∼MP, we consider that the Hawking evapora-
tion is complete and does not leave any remnant.
III. RESULTS
A. Evolution of Kerr BHs
The main difference between Kerr (a∗ 6= 0) and
Schwarzschild (a∗ = 0) BHs is that Kerr BHs are axially
symmetric and not spherically symmetric. This gives a
favored axial direction when computing the Hawking ra-
diation. The emission of particles with an angular mo-
mentum spinning in the same direction as that of the BH
is enhanced when a∗ increases. Moreover, for sufficiently
small energies and high angular momentum
E < ESR ≡ a
∗m
2r+
, (15)
we enter the regime of superradiance (SR), with even
enhanced emission. This asymmetry in the Hawking ra-
diation causes a net spin loss by the BH (hence the pos-
itivity of the g factor defined in Eq. (7)) through the
emission of high angular momentum particles. This en-
hanced radiation also causes a mass loss higher than in
the Schwarzschild case. Thus, Kerr BHs have a shorter
lifetime than Schwarzschild BHs, and it gets shorter and
shorter as the initial spin a∗i gets close to 1.
Fig. 1 shows an example of the evolution of a Kerr BH
mass and spin through time. We see that the reduced
spin a∗ has a slightly shorter timescale than the mass
M . This is easy to understand when looking at Eqs. (8)
and (9). The first stage of the evolution is a strong de-
crease of both mass and spin, corresponding to the Kerr
regime when the Hawking radiation is enhanced. When
we leave the high-spin region (a∗ . 0.2), the emission be-
comes similar that of a Schwarzschild BH and the mass
evolution is more monotonic. At the end of the BH life
(the last 10%), a final stage of very fast evaporation oc-
curs, during which the BH loses the major part of its
mass (∼ 50%). This is in agreement with the results of
[7]. When reaching the Planck mass, Hawking’s theory
does not tell what happens of the BH.
Fig. 2 shows the mass evolution for the same initial
mass Mi but different initial spins a
∗
i . We see that
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FIG. 1. Kerr BH mass M (normalized over the initial mass
Mi = 10
16 g) and reduced spin a∗ (starting from an initial
spin a∗i = 0.9) as functions of time t (normalized to the BH
lifetime t0).
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FIG. 2. Comparison of Kerr BH mass M evolutions (normal-
ized to the initial mass Mi = 10
16 g which is the same for all
curves) as functions of time t (normalized to the Schwarzschild
BH lifetime t0), for different values of the initial spin a
∗
ranging (right to left) from a∗ = 0 (Schwarzschild case) to
a∗ = 0.999 (near extremal case).
the lifetime of a Kerr BH can be reduced by almost
∼ 60% when going from the Schwarzschild case a∗i = 0
to the near extremal case a∗i = 0.999. This is compatible
with the results of [10]. The higher the initial spin, the
stronger the initial mass loss. We can see that after most
of the spin is radiated away, all curves share the same
shape as the Schwarzschild one.
Fig. 3 shows the evolution of the lifetime as a function
of the initial spin a∗i . We have reversed the x-axis to
focus on the near-extremal region a∗i . 1. We see that
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FIG. 3. Kerr BH lifetime tBH (normalized to the
Schwarzschild case t0) as a function of the initial spin a
∗
i for
Mi = 10
16 g. The x-axis has been reversed to show 1− a∗i in
a logarithmic scale.
the lifetime decreases as the initial spin increases, but
this saturates as we come closer to the extremal Kerr
case a∗i . 1.
B. Maximum spin
Using these data on the Kerr BH evolution, which is a
function of both mass and spin, we can estimate the max-
imum spin a BH can still have today, starting from some
initial spin, and depending on its initial mass. We know
that the Thorne limit prevents stellar BHs from having
a spin higher than a∗lim ≈ 0.998, due to accretion and
superradiance effects [5]. We also know that the same
limit applies to the results of BH mergers due to general
relativistic dynamics [6]. Thus, the only possibility of
overcoming this limit must be to form a Kerr BH with
an initial spin a∗i > a
∗
lim and to maintain this spin over
time until today.
However, we have seen that the spin decrease time-
scale corresponds roughly to that of the mass decrease
tBH ∝ M3i . That means that in order to maintain a
spin value really close to the extremal Kerr case, the
BH initial mass must be sufficiently high. Fig. 4 shows
the minimum initial mass needed as a function of the
initial spin, for different values of the desired relative spin
change  ≡ ∆a∗/a∗i . As expected, the more we want to
have a spin today close to the initial one ( → 0) the
more massive the BH has to have been originally. As
→ 1 (all initial spin is lost), the minimum mass, for all
initial spins, goes to Mlim(a
∗
i ) ∼ 1015 g the mass of the
BHs just evaporating today.
Fig. 5 gives a reversed view of Fig. 4: starting from
a fixed initial spin a∗i = 0.9999 ( ⇐⇒ 1 − a∗i = 10−4)
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FIG. 4. Minimum initial mass Mi needed to have a relative
spin loss today  ≡ ∆a∗/a∗i for different values of . The
x-axis has been reversed to show 1−a∗i in a logarithmic scale.
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FIG. 5. Value of the spin today a∗0 as a function of the initial
mass Mi for a fixed initial spin a
∗
i = 0.9999 ( ⇐⇒ 1 −
a∗i = 10
−4). The Thorne limit a∗lim ≈ 0.998 is shown as an
horizontal dashed line. The y-axis has been reversed to show
1− a∗0 on a logarithmic scale.
above the Thorne limit, it shows the value of the spin
today a∗0 as a function of the initial mass. We see that
for masses Mi & 1017 g, the value of the spin has barely
changed, as could be already guessed from Fig. 4. For
initial masses Mi > M
lim
i ≈ 2 × 1016 g, the spin value
today is still higher than the Thorne limit. That means
that a Kerr PBH of initial spin a∗i > a
∗
lim could still
have a spin a∗0 > a
∗
lim today if it were sufficiently heavy.
The same picture could be drawn for even higher initial
spins a∗i = 0.999999... with a decrease of M
lim
i when a
∗
i
increases. Indeed, starting from a higher spin, a smaller
5initial mass is necessary to reach the Thorne limit today
through Hawking radiation.
C. Accretion and mergers
The discussion above is relevant only if the mecha-
nisms leading to the establishment of the Thorne limit
are avoided. The accretion part is clearly not a problem
as accretion is dominated by Hawking radiation for suf-
ficiently light PBHs during the radiation-dominated era.
During the matter-dominated era, PBHs do not neces-
sarily evolve in a matter-rich environment as they do
not come from the collapse of a star. Thus, the spin
loss is only given by the Hawking radiation, as computed
with BlackHawk. The merging part should not be bother-
some if the PBH merging rate is sufficiently small, which
should be the case if PBHs do not contribute too much to
the dark matter fraction (thus preventing the formation
of binaries). At least, some of them should have been iso-
lated until today. Thus, the Thorne limit does not apply
to sufficiently rare and light PBHs.
D. Formation
The question on how to generate such high-spin PBHs
can be answered by a profusion of models of inflation
and early Universe cosmology. We refer to one recent
example, that of PBH formed by scalar field fragmenta-
tion during the matter-dominated period that precedes
reheating in an inflationary universe [19].
IV. CONCLUSIONS
We have seen that the only way to presently have a
BH with a spin near the Kerr extremal value a∗ . 1 and
above the Thorne limit a∗lim ≈ 0.998 is to generate it in
the primordial Universe through post-inflationary mech-
anisms with an initial spin a∗i > a
∗
lim. Then, if its mass is
sufficiently high, Hawking radiation is too slow to drive
its spin below the Thorne limit. Hence, the only way that
a Kerr BH has a higher spin is if it is primordial, giving
a simple rule for distinguishing PBHs from BHs of stel-
lar origin. We conclude that extremal Kerr black holes
may exist in nature, if primordial black holes constitute
all or even some of the dark matter in the observation-
ally allowed window. Moreover when such extremal black
holes enter the galactic environment, accretion of order
0.001 of their rest mass would render them subextremal
and induce Hawking evaporation. Such potential black
hole ”bombs” may render primordial black holes directly
detectable via x-ray or gamma ray emission.
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